The roots of Platycodon grandiflorus are widely used as a crude drug. The active components include a variety of triterpenoid saponins. Recent studies have revealed that Cyt P450 monooxygenases (P450s) function as triterpene oxidases in triterpenoid saponin biosynthesis in many plant species. However, there have been no reports regarding triterpene oxidases in P. grandiflorus. In this study, we performed transcriptome analysis of three different P. grandiflorus tissues (roots, leaves and petals) using RNA sequencing (RNA-Seq) technology. We cloned six P450 genes that were highly expressed in roots, and classified them as belonging to the CYP716A, CYP716D and CYP72A subfamilies. We heterologously expressed these P450s in an engineered yeast strain that produces b-amyrin, one of the most common triterpenes in plants. Two of the CYP716A subfamily P450s catalyzed oxidation reactions of the b-amyrin skeleton. One of these P450s, CYP716A140v2, catalyzed a three-step oxidation reaction at C-28 on b-amyrin to produce oleanolic acid, a reaction performed by CYP716A subfamily P450s in a variety of plant species. The other P450, CYP716A141, catalyzed the hydroxylation of b-amyrin at C-16b. This reaction is unique among triterpene oxidases isolated to date. These results enhance our knowledge of functional variation among CYP716A subfamily enzymes involved in triterpenoid biosynthesis, and provide novel molecular tools for use in synthetic biology to produce triterpenoid saponins with pre-defined structures.
Introduction
Platycodon grandiflorus (Fig. 1A) is the only species of the genus Platycodon and belongs to the plant family Campanulaceae. Platycodon roots (Fig. 1B ) exhibit a range of bioactivities and are consequently used as traditional herbal medicines (Zhang et al. 2015) . The most important bioactive components found in platycodon roots are the triterpenoid saponins. Triterpenoid saponins are a diverse group of compounds that contain one or more sugar groups attached to a triterpenoid aglycone moiety, also known as sapogenin. To date, >70 different triterpenoid saponins have been isolated from platycodon roots (Nyakudya et al. 2014 , Zhang et al. 2015 . A major saponin that has sugar moieties attached to the C-3 and C-28 of platycodigenin (sapogenin) is platycodin D (Zhang et al. 2015) (Fig. 1C) . Although platycodin D and platycodigenin were chemically characterized >30 years ago (Kubota and Kitatani 1969, Tada et al. 1975) , the biosynthetic enzymes that produce them have not been identified.
Recent studies have revealed that Cyt P450 monooxygenases (P450s) and UDP-dependent glycosyltransferases (UGTs) play important roles in the biosynthesis of plant triterpenoid saponins (Seki et al. 2015) . Oxidosqualene cyclases (OSCs) cyclize 2,3-oxidosqualene, the common precursor of triterpenoid saponins, to generate various carbon skeletons represented by b-amyrin, a-amyrin and lupeol (Thimmappa et al. 2014) . Next, P450s introduce functional groups, such as hydroxyl, carbonyl and carboxyl groups, into these carbon skeletons by a series of oxidation reactions, enhancing the structural diversity of sapogenins. UGTs subsequently catalyze glycosylation reactions that produce triterpenoid saponins (Seki et al. 2015) . From the chemical structure of platycodin D, P450s introducing a carboxyl group at C-28 and hydroxyl groups at C-2b, C-16a, C-23 and C-24 of the b-amyrin skeleton are predicted to form platycodigenin, which is subsequently glycosylated to produce platycodin D (Fig. 1C) .
Several P450s catalyzing oxidation reactions of the abovementioned carbon positions of b-amyrin or b-amyrin-derived compounds have been reported in other plant species. The CYP716A subfamily enzymes carboxylate b-amyrin at C-28 to generate oleanolic acid. These enzymes have been isolated from a variety of plant species, including Arabidopsis thaliana and Barbarea vulgaris (Brassicaceae), Medicago truncatula and Glycyrrhiza uralensis (Fabaceae), Vitis vinifera (Vitaceae), Catharanthus roseus (Apocynaceae) and Panax ginseng (Araliaceae) (Carelli et al. 2011 , Fukushima et al. 2011 , Huang et al. 2012 , Han et al. 2013 , Khakimov et al. 2015 , Yasumoto et al. 2016 , Tamura et al. 2017 . CYP716Y1 and CYP87D16 hydroxylate b-amyrin at C-16a in Bupleurum falcatum (Apiaceae) and Maesa lanceolata (Myrsinaceae), respectively (Moses et al. 2014a , Moses et al. 2015 . In legumes, which include Glycine max, M. truncatula and G. uralensis (Fabaceae), the hydroxylation of b-amyrin at C-24 depends on the CYP93E enzyme subfamily (Shibuya et al. 2006 , Seki et al. 2008 , Fukushima et al. 2013 . In M. truncatula, the hydroxylation of oleanolic acid is catalyzed by both CYP72A67 (C-2b) and CYP72A68v2 (C-23) (Fukushima et al. 2013 , Biazzi et al. 2015 . Recent studies suggested that CYP716 family enzymes are involved in triterpene oxidation in eudicots, but CYP72A and CYP93E subfamily enzymes have only been reported catalyzing oxidation of triterpenes in the legumes.
In this study, we performed RNA sequencing (RNA-Seq) analysis of total RNA isolated from the roots, leaves and petals of P. grandiflorus to identify biosynthetic P450 genes for a specialized sapogenin, platycodigenin. Six P450 genes, classified as belonging to the CYP716A, CYP716D and CYP72A subfamilies, were found to be highly expressed in roots. The catalytic activities of these P450s were analyzed using engineered yeast that produces b-amyrin endogenously. The P450s CYP716A140v2 and CYP716A141 were able to catalyze C-28 carboxylation and C-16b hydroxylation of b-amyrin, respectively.
Results

RNA-Seq analysis of P. grandiflorus and functional annotation of unigenes
Total RNA extracted from P. grandiflorus roots, leaves and petals was sequenced using the Illumina HiSeq 2000 platform.
We obtained 49,247,989 reads in total and assembled these into 41,168 contigs (Table 1) . After removing the redundant sequences, we identified 40,420 unigenes and annotated 22,251 of these (55.0%) using the NCBI non-redundant (NCBI-nr) protein database (http://www.ncbi.nlm.nih.gov). Genes potentially involved in triterpenoid backbone biosynthesis were retrieved from annotations in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database Goto 2000, Kanehisa et al. 2016 ) using the KEGG Automatic Annotation Server (KAAS; http://www.genome.jp/kegg/kaas/) (Moriya et al. 2007 ). The reads per kilobase of exon model per million mapped reads (RPKM) values for unigenes related to the mevalonate pathway are shown in Table 2 . To obtain a set of putative P450 genes, we searched peptide sequences from the possible open reading frames (ORFs) of each unigene using the hidden Markov models (HMMs) of P450 domains obtained from PF00067 of the Pfam database and HMMER v3.1b2. We annotated 154 unigenes as putative P450 genes.
Selection of candidate P450s
To identify candidate P450s involved in triterpenoid saponin biosynthesis, hierarchical clustering of the 154 putative P450 genes was performed based on the RPKM values of each sample (Fig. 2) . As platycodon roots are a known source of triterpenoid saponins (Nyakudya et al. 2014) , we focused on a cluster of 59 unigenes with high expression in roots (Fig. 2) . To select the best candidate unigenes, we performed blastx searches using the 32 triterpenoid biosynthesis P450s identified to date (Supplementary Table S1 ). Based on the best hits from these blastx searches against triterpenoid biosynthetic P450s (Supplementary Table S2 ), we selected three unigenes encoding proteins with >50% identity to CYP716A15, CYP716A17 or CYP716AL1 (Unigene3622, Unigene5427 and Unigene5914), and three unigenes encoding proteins with >50% identity to CYP72A67 (Unigene2726, Unigene2754 and Unigene3928).
No unigenes encoded proteins with >50% identity to the CYP72A68v2, CYP716Y1, CYP87D16 or CYP93E enzymes. The full-length cDNA sequences of these unigenes were determined and the corresponding proteins were named by the P450 nomenclature committee: CYP716A140v2 (Unigene3622), CYP716A141 (Unigene5427), CYP716D58 (Unigene5914), CYP72A554 (Unigene2726), CYP72A555 (Unigene2754) and CYP72A556 (Unigene3928).
Enzymatic activities of CYP716A140v2 and CYP716A141
As platycodigenin has a b-amyrin skeleton, we first expressed each of the six candidate P450s together with a Cyt P450 reductase (CPR) in a strain of engineered yeast that had been pre-transformed with b-amyrin synthase (bAS) and produced b-amyrin endogenously (strains 2-8, Supplementary Table S3) . Only CYP716A140v2 and CYP716A141 were found to oxidize the b-amyrin. In the bAS/CPR/CYP716A140v2-expressing yeast (strain 2), erythrodiol (2), oleanolic aldehyde (3) and oleanolic acid (4) were all detected by comparing these with authentic standards ( Fig. 3A, B ; Supplementary Fig. S1 ). These compounds are oxidation products of b-amyrin (1) modified at C-28. Erythrodiol (2) and oleanolic aldehyde (3) are reaction intermediates occurring between b-amyrin (1) and oleanolic acid (4). Therefore, CYP716A140v2 was found to be a b-amyrin 28-oxidase in P. grandiflorus (Fig. 3B ). In the bAS/CPR/ CYP716A141-expressing yeast (strain 3), an unknown compound corresponding to peak 5 was detected as a major product (Fig. 3A) . To increase the yield and identify compound 5, we generated a yeast strain with two additional CYP716A141 expression vectors (strain 9, Supplementary Table S3) , and obtained 19.5 mg of purified compound 5 from 6 liters of culture. Nuclear magnetic resonance (NMR) analysis showed that compound 5 was a C-16b hydroxylated b-amyrin, called maniladiol (olean-12-ene-3b,16b-diol) (Fig. 3C ). In addition to maniladiol (5), erythrodiol (2) and oleanolic acid (4) were also detected as minor compounds in strain 3 (Fig. 3A) , suggesting that CYP716A141 is capable of catalyzing oxidation at both C-16b and C-28. Strain 3 also produced an unknown minor compound corresponding to peak 6 (Fig. 3A) . In the bAS/CPR/ CYP716A140v2/CYP716A141-expressing yeast (strain 10, Supplementary Table S3) , maniladiol (5), erythrodiol (2), oleanolic aldehyde (3), oleanolic acid (4) and the compound corresponding to peak 6 were all present (Fig. 3A) . Compared with the bAS/CPR/CYP716A141-expressing yeast (strain 3), the relative amount of peak 6 increased when CYP716A140v2 and CYP716A141 were expressed together (strain 10), suggesting that peak 6 was the compound carboxylated at C-28 and hydroxylated at C-16b. In addition, the mass spectrum of peak 6 was similar to that of echinocystic acid (3b,16a-dihydroxy-olean-12-en-28-oic acid) (Moses et al. 2014a ) ( Supplementary Fig. S1 ). However, since CYP716A141 catalyzed C-16 hydroxylation only in the b-configuration, the compound corresponding to peak 6 is likely to be cochalic acid (3b,16b-dihydroxy-olean-12-en-28-oic acid) (Fig. 3C ). Among the six candidate P450s cloned in this study, four (CYP716D58, CYP72A554, CYP72A555 and CYP72A556) had no catalytic activity on b-amyrin (strains 4-8). Nevertheless, while b-amyrin is not a substrate for the P450s CYP72A67 and CYP72A68v2, these enzymes showed activity on oleanolic acid (Fukushima et al. 2013 , Biazzi et al. 2015 . Therefore, to assess the potential activity of four candidate P450s on oleanolic acid, we generated yeast strains expressing CYP716A140v2 and each of the four P450s together (strains 11-14, Supplementary Table S3 ). However, none of these candidates showed enzymatic activity on oleanolic acid.
Transcript levels of CYP716A140v2 and CYP716A141, and sapogenin profiles in plant tissues
We used quantitative real-time PCR to determine the relative transcript levels of CYP716A140v2 and CYP716A141 in three different tissues of P. grandiflorus (Fig. 4A) . As predicted by RPKM values obtained during the RNA-Seq analysis, both P450s were highly expressed in roots compared with leaves and petals. CYP716A140v2 transcripts in roots were >9 times higher than in leaves, and >250 times higher than in petals. In addition, CYP716A141 transcripts in roots were >9 times higher than in leaves, and >25 times higher than in petals, suggesting that their catalysis occurs predominantly in roots. We also analyzed sapogenin profiles in three different tissues of P. grandiflorus (Fig. 4B) . Platycodigenin (7) and polygalacic acid (8) were detected mainly in roots, but only trace amounts were detected in leaves and petals. On the other hand, b-amyrin (1) was detected in leaves and petals at higher levels, but was barely detected in roots. These results suggest that b-amyrin is converted efficiently to sapogenins by P450s highly expressed in roots.
Discussion
The results presented here suggested that two P450s, CYP716A140v2 and CYP716A141, probably function as triterpene oxidases in the medicinal plant, P. grandiflorus, the roots of which contain a variety of triterpenoid saponins. CYP716A140v2 is highly expressed in P. grandiflorus roots, and it catalyzes a three-step oxidation reaction at C-28 of b-amyrin to produce oleanolic acid. These catalytic activities are the same as those of CYP716A subfamily enzymes isolated from other plant species (Carelli et al. 2011 , Fukushima et al. 2011 , Huang et al. 2012 , Han et al. 2013 , Khakimov et al. 2015 , Yasumoto et al. 2016 , Tamura et al. 2017 , indicating that C-28 multiple oxidases are highly conserved in land plants.
CYP716A141 is another gene belonging to the CYP716A subfamily that is highly expressed in roots. Heterologous expression of CYP716A141 in b-amyrin-producing yeast indicated that its main activity was hydroxylation of b-amyrin at C-16b. Fig. 4 Relative transcript levels of CYP716A140v2 and CYP716A141, and sapogenin profiles in roots, leaves and petals of P. grandiflorus. (A) Quantitative real-time PCR analysis of CYP716A140v2 and CYP716A141 in roots, leaves and petals. The transcript level of each gene was normalized relative to that of actin. Error bars indicate the SE of three technical replicates. (B) GC-MS analysis of the acid-hydrolyzed extracts from roots, leaves and petals of P. grandiflorus. Enlarged chromatograms between 31 and 36.6 min are shown in the inset. Among the products produced in the engineered yeast strains (compounds 1-6), only b-amyrin (1) was detected. We identified platycodigenin (7) and polygalacic acid (8). To avoid overlapping chromatograms, the baselines for leaves and petals are moved 1 Â 10 6 and 2 Â 10 6 total ion counts, respectively. Glycyrrhetinic acid was added as an internal standard (IS).
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Interestingly, CYP716A141 also had weak activity catalyzing the three-step oxidation at C-28. Although most of the triterpenoid saponins reported in P. grandiflorus, including platycodin D, have a C-16a hydroxyl group (Zhang et al. 2015) , C-16b hydroxylated triterpenoid saponins, such as platycosaponin A (Fukumura et al. 2010) , platycodon A and platycodon B (Ma et al. 2013) , have also been reported (Fig. 1D) . Therefore, CYP716A141 is likely to be involved in the biosynthesis of these triterpenoid saponins. Bupleurum falcatum produces both C16a and C-16b hydroxylated bioactive triterpenoid saponins (saikosaponin D and saikosaponin A, respectively) (Chen et al. 2013) . However, only the C-16a oxidase has been isolated Fig. 5 Phylogenetic tree of previously characterized triterpenoid biosynthesis P450s and the P. grandiflorus P450s isolated in this study. The numbers above the branches indicate bootstrap values for 1,000 replicates. The scale bar shows the amino acid substitution ratio. P450s isolated in this study are marked in red. The filled arrowheads indicate the P450s defined functionally in this study. The determined biochemical activities of the P450s are indicated on the right, with their substrate triterpene skeletons or compounds shown in parentheses. CYP101A1 was used as an outgroup. from this plant (Moses et al. 2014a ). In monocots, Avena strigosa CYP51H10 is a multifunctional P450 that simultaneously catalyzes the C-12,13b epoxidation and C-16b hydroxylation of b-amyrin in avenacin biosynthesis (Geisler et al. 2013 ). To our knowledge, however, this is the first report of a P450 that preferentially catalyzes C-16b hydroxylation of b-amyrin.
As described above, the C-16 hydroxyl group of most of the triterpenoid saponins in P. grandiflorus is in the a-configuration. However, the P450s responsible for C-16a hydroxylation of b-amyrin in P. grandiflorus remain unknown. Previous studies demonstrated that C-16a hydroxylation of b-amyrin is catalyzed by CYP716Y1 in B. falcatum and by CYP87D16 in M. lanceolata (Moses et al. 2014a , Moses et al. 2015 . Of all the unigene sequences obtained from our transcriptome analysis, Unigene5427 (CYP716A141) encoded the protein with the highest blast hit score to CYP716Y1 (amino acid sequence identity = 48.6%) (Supplementary Table S4 ). However, a phylogenetic tree indicated that CYP716A141 and CYP716Y1 cluster in separate groups (Fig. 5) . In addition, we failed to find unigenes encoding proteins likely to be part of the CYP87D subfamily (Supplementary Table S5 ). These results suggest that P450 subfamilies other than CYP716Y and CYP87D probably catalyze the C-16a hydroxylation of b-amyrin in P. grandiflorus.
In M. truncatula, CYP72A67 and CYP72A68v2 hydroxylate the C-2b and C-23 of the b-amyrin skeleton, respectively (Fukushima et al. 2013 , Biazzi et al. 2015 . Therefore, we cloned three CYP72A subfamily genes that were highly expressed in roots, and analyzed their catalytic activities. However, none of these enzymes had catalytic activity for b-amyrin or oleanolic acid substrates. In this study, we selected candidate P450s for their high expression in roots, and so P450s with lower expression in roots but relatively high similarity to CYP72A67 or CYP72A68v2 might have catalytic activity on b-amyrin or related compounds (Supplementary Tables S6, S7 ). Another possibility is that the P450s responsible for hydroxylation at C-2b and C-23 in P. grandiflorus are not members of the CYP72A subfamily. CYP93E subfamily members isolated from nine different legume species catalyze hydroxylation at the C-24 of b-amyrin (Shibuya et al. 2006 , Seki et al. 2008 , Fukushima et al. 2013 , Moses et al. 2014b ); however, we failed to find a unigene structurally similar to the CYP93E subfamily P450s (Supplementary Table S8 ), suggesting that P450s belonging to a class different from the CYP93E subfamily may catalyze C-24 hydroxylation in platycodigenin biosynthesis. Interestingly, two P450s belonging to different families, CYP716Y1 in B. falcatum (Apiaceae) and CYP87D16 in M. lanceolata (Myrsinaceae), catalyze the same reaction, C-16a hydroxylation of b-amyrin. CYP716Y1 and CYP87D16 are the first examples of two structurally unrelated plant P450s that evolved independently with the same properties in different plant lineages (Moses et al. 2015) . Thus, exploration of P450s other than CYP716, CYP72, CYP87 and CYP93 may lead to the discovery of convergent evolution in triterpene oxidases in different plant species.
We focused on P450s that are highly expressed in the roots of P. grandiflorus and on similarities to triterpene oxidase families, and identified two triterpene oxidases. CYP716A140v2 catalyzes the three-step oxidation at C-28 of b-amyrin, while CYP716A141 mainly catalyzes the hydroxylation at C-16b of b-amyrin. Interestingly, CYP716A141 also has negligible C-28 oxidation activity. This may be a biochemical trace of the ancestral enzyme activity, suggesting that this specialized C-16b oxidase is derived from a more highly conserved C-28 oxidase. Our results enhance our knowledge of functional variation among CYP716A subfamily enzymes involved in triterpenoid biosynthesis, and provide novel molecular tools for use in metabolic engineering of triterpenoid saponins with pre-defined structures. 
Materials and Methods
Plant materials
RNA extraction
Total RNA was extracted using PureLink Plant RNA Reagent (Thermo Fisher Scientific) from frozen plant tissues and treated with recombinant DNase I (RNase-free) (TAKARA BIO), then purified using the RNeasy Plant Mini Kit (Qiagen) following the RNA clean-up protocol.
Library construction, Illumina sequencing, and de novo sequence assembly A 10 mg aliquot of total RNA was used to construct a cDNA library using an Illumina TruSeq Prep Kit v2 according to the manufacturer's protocol (Illumina). The resulting cDNA library was sequenced using HiSeq 2000 (Illumina) with 100 bp paired-end (PE) reads in high output mode. The sequence reads were assembled using CLC Genomics Workbench software ver. 5.5.2 (CLC Bio). A minimum contig length of 300 bp and the 'perform scaffolding' function provided assembled contigs after the removal of adaptor sequences and low quality reads. We assembled 40,420 unigenes after removing redundant sequences using the TIGR Gene Indices clustering tools (TGICL) (Pertea et al. 2003) . The raw RNA-Seq reads obtained in this study have been submitted to the DDBJ Sequence Read Archive (DRA) under the accession number DRA005429.
Functional annotation of the assembled reads
A blastx program- (Altschul et al. 1997 ) based homology search for 40,420 unigenes was performed against the NCBI-nr protein database (http://www. ncbi.nlm.nih.gov) with a cut-off E-value < 10 -5 , and the maximum number of permitted hits fixed at 20. For each sample, CLC Genomics Workbench ver. 5.5.2 (CLC Bio) aligned the reads to obtain reliable RPKM values. KEGG pathway mapping was performed using the KEGG Automatic Annotation Server (KAAS; http://www.genome.jp/kegg/kaas/) (Moriya et al. 2007 ) and the bi-directional best hit (BBH) method against data sets of 'ath, aly, crb, brp, bna, cit, tcc, gmx, adu, aip, fve, csv, pop, vvi, sly and osa' with the default threshold. To obtain a set of putative P450 genes, peptide sequences of the ORFs for each unigene obtained by TransDecoder ver. 2.0.1 (https://transdecoder.github.io) were searched against the HMM of the P450 domain (PF00067) downloaded from Pfam 30.0 (Finn et al. 2016 ) by HMMER ver. 3.1b2 (http://hmmer.org).
Cluster analysis
Hierarchical clustering was performed using Cluster 3.0 software (de Hoon et al. 2004 ) and the following parameters: similarity metric, correlation (centered); clustering method; and average linkage. The clustering results were illustrated using Java TreeView ver. 1.1.6r2 software (Saldanha 2004 ).
Cloning of candidate P450 genes
First-strand cDNA was synthesized from 1 mg of total RNA prepared from the roots of P. grandiflorus using the SMARTer RACE cDNA Amplification Kit (Clontech/TAKARA BIO) according to the manufacturer's instructions. Fragments containing the full-length coding sequence (CDS) of CYP716A140v2, CYP716A141 or CYP716D58 were amplified by PCR using primers 1 and 2 for CYP716A140v2, primers 3 and 4 for CYP716A141, and primers 5 and 6 for CYP716D58. To obtain the missing 5 0 sequences of Unigene2726, Unigene2754 and Unigene3928, 5 0 -rapid amplification of cDNA ends (RACE) PCR was performed using the SMARTer RACE cDNA Amplification Kit (Clontech/TAKARA BIO) according to the manufacturer's instructions, using primers 7 (first) and 8 (nested) for Unigene2726, primers 9 (first) and 10 (nested) for Unigene2754, and primers 11 (first) and 12 (nested) for Unigene3928. To obtain the missing 3 0 sequences of Ungiene2726, Unigene2754 and Unigene3928, 3 0 -RACE PCR was performed using primers 13 (first) and 14 (nested) for Unigene2726, primers 15 (first) and 16 (nested) for Unigene2754, and primers 17 (first) and 18 (nested) for Unigene3928. Using sequence information obtained by RACE PCR, fragments containing the fulllength CDS of CYP72A554, CYP72A555 or CYP72A556 were amplified by PCR using primers 19 and 20 for CYP72A554, primers 21 and 22 for CYP72A555, and primers 23 and 24 for CYP72A556. The sequences of the primers used in this study are shown in Supplementary Table S9 . The nucleotide sequences isolated in this study has been submitted to the DDBJ under the accession numbers LC209199 (CYP716A140v2), LC209200 (CYP716A141), LC209201 (CYP716D58), LC209202 (CYP72A554), LC209203 (CYP72A555) and LC209204 (CYP72A556).
Generation of engineered yeast strains
Each P450 cDNA was transferred into a Gateway-compatible version of the pELC vector ) using the Gateway LR Clonase II Enzyme mix (Thermo Fisher Scientific) to generate a construct for galactose-inducible dual expression of Lotus japonicus CPR1 and the P450. In addition, each P450 cDNA was transferred into pYES-DEST52 (Thermo Fisher Scientific) and a Gatewaycompatible version of pESC-HIS (Agilent Technologies) using the Gateway LR Clonase II Enzyme mix (Thermo Fisher Scientific) to generate galactose-inducible expression of each P450. These constructs were transformed into Saccharomyces cerevisiae INVSc1 (MATa his3D1 leu2 trp1-289 ura3-52; Thermo Fisher Scientific) harboring pYES3-ADH-OSC1 (bAS) (Fukushima et al. 2011 ) using the Frozen-EZ Yeast Transformation II Kit (Zymo Research). The engineered yeast strains made for this study are listed in Supplementary  Table S3 .
In vivo P450 enzyme assays
A glycerol stock of each yeast strain was inoculated into 2 ml of appropriate synthetic defined (SD) medium containing 2% glucose, and cultured overnight at 30 C, shaking at 200 r.p.m. Each starter culture was transferred into 10 ml of identical medium, and cultured for an additional 24 h at 30 C, shaking at 200 r.p.m. The yeast cells were collected and resuspended in 10 ml of SD medium containing 2% galactose and 25 mM methyl-b-cyclodextrin. These were cultured at 30 C for a further 2 d at 200 r.p.m. The yeast cultures were extracted three times with 6 ml of ethyl acetate. After the liquid had evaporated, the remaining residue was dissolved in 1 ml of ethyl acetate. The sample was transferred into a Sep-pak Silica 6 cc Vac Cartridge (Waters) and eluted with 10 ml of ethyl acetate and 10 ml of chloroform/methanol (1 : 1, v/v). The eluate was allowed to evaporate and the residue was dissolved in 500 ml of chloroform/methanol (1 : 1, v/v). A total of 100 ml of this solution was allowed to evaporate and trimethylsilylated with 100 ml of N-methyl-N-(trimethylsilyl)-trifluoroacetamide (Sigma-Aldrich) at 80 C for 20 min before being analyzed by gas chromatography-mass spectrometry (GC-MS).
Analysis of sapogenins in plant tissues
Freeze-dried plant tissues (40 mg) were mixed with 200 ml of internal standard (0.1 mg ml -1 glycyrrhetinic acid) and extracted three times with methanol/ chloroform (1 : 1, v/v). After the liquid had evaporated, 1 ml of methanol and 1 ml of 4 M hydrogen chloride were added to the residue and hydrolyzed at 80 C for 1 h. The hydrolyzed products were extracted three times with hexane/ ethyl acetate (1 : 1, v/v), dried in vacuo and resuspended in 500 ml of methanol/ chloroform (1 : 1, v/v). Then, 150 ml of the solution was evaporated, resuspended in 50 ml of N,N-dimethylformamide and trimethylsilylated with 50 ml of N,O-bis(trimethylsilyl)trifluoroacetamide + trimethylchlorosilane, 99 : 1 (Sigma-Aldrich), at 80 C for 30 min before GC-MS analysis.
GC-MS analysis
GC-MS analysis was performed using a 5977A MSD (Agilent Technologies) coupled with a 7890B GC system (Agilent Technologies) and DB-1 ms (30 m Â 0.25 mm internal diameter, 0.25 mm film thickness; Agilent Technologies) capillary column. The injection component and the MSD transfer line were set at 250 C, and the oven temperature was programmed as follows: 80 C for 1 min, followed by a rise to 300 C at a rate of 20 C min -1 , and a hold at 300 C for 21 min (extracts from yeasts) or 45 min (extracts from plants). The carrier gas was He and the flow rate was 1 ml min -1
. Mass spectra were recorded by scanning the m/z range of 50-750 (extracts from yeasts) or 50-1,050 (extracts from plants).
Identification of compound 5
To purify compound 5, yeast strain 9 was cultured for 96 h in 6 liters (24 Â 250 ml) of SD medium containing 2% galactose but without uracil, leucine or histidine. Yeast cells from 6 liters of culture were collected and lysed for 2 h using a mixture of 40% (w/v) potassium hydroxide and methanol (1 : 4, v/v) at 80 C. The lysed cells were extracted three times with hexane. Compound 5 was purified from this organic extract by column chromatography using Silica Gel 60 N (spherical, neutral) (Kanto Chemical). The extract was passed through the column twice and 19.5 mg of compound 5 was obtained. The structure of compound 5 was determined by NMR analysis and confirmed using the NMR data reported previously (Quijano et al. 1998) .
Maniladiol (5): 1 H-NMR (CDCl 3 , 400 MHz): d 0.79 (s, 3H), 0.80 (s, 3H), 0.89 (s, 3H), 0.91 (s, 3H), 0.94 (s, 3H), 0.99 (s, 3H), 1.00 (s, 3H), 1.22 (s, 3H), 3.22 (dd, 1H, J = 11.2, 4.8 Hz), 4.20 (dd, 1H, J = 11.9, 5.5 Hz), 5.24 (t, J = 3.7 Hz).
13 C-NMR (CDCl 3 , 100 MHz): d 15. 5, 15.6, 16.8, 18.3, 21.5, 23.5, 24.0, 27.1, 27.2, 28.1, 30.6, 30.9, 32.7, 33.3, 34.2, 35.6, 36.9, 37.3, 38.6, 38.8, 39.9, 43.8, 46.5, 46.8, 49.1, 55.2, 66.0, 79.0, 122.3, 143.5 .
NMR analysis
The NMR spectra were recorded on a JNM-ECS400 system (JEOL) in deuterated chloroform (CDCl 3 ). Tetramethylsilane was added as an internal reference.
Quantitative real-time PCR
First-strand cDNA was synthesized using PrimeScript RT Master Mix (Perfect Real Time) (TAKARA BIO) from 0.5 mg of total RNA in a 10 ml reaction. Then 1 Â Essential DNA Green Master (Roche), 500 nM of primers and 0.5 ml of the first-strand cDNA were mixed and the reaction was filled up with PCR grade water to 10 ml. Reactions were performed using LightCycler Nano (Roche) with the following conditions: 95 C for 10 min; 45 cycles of 95 C for 10 s, 60 C for 10 s and 72 C for 15 s. Data were analyzed using LightCycler Nano Software ver. 1.1.0 (Roche). Relative transcript levels of each target gene were calculated using actin (GenBank accession No. JF781303) as a reference gene. The amplification of each sample was performed three times, using primers 25 and 26 for actin, primers 27 and 28 for CYP716A140v2, and primers 29 and 30 for CYP716A141 (Supplementary Table S9 ).
Phylogenetic analysis of P450s
Full-length amino acid sequences were collected from GenBank (http://www. ncbi.nlm.nih.gov/genbank/) (Supplementary Table S1 ). A phylogenetic tree was generated using the Neighbor-Joining method with 1,000 bootstrap replicates in the ClustalX 2.1 software (Larkin et al. 2007 ) and visualized with FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) software.
Supplementary data
Supplementary data are available at PCP online.
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